Dyslexia, or specific reading disability, is the unexpected failure in learning to read and write when intelligence and senses are normal. One of the susceptibility genes, DYX1C1, has been implicated in neuronal migration, but little is known about its interactions and functions. As DYX1C1 was suggested to interact with the U-box protein CHIP (Carboxy terminus of Hsc70-Interacting Protein), which also participate in the degradation of estrogen receptors alpha (ERα) and beta (ERβ), we hypothesized that the effects of DYX1C1 might be at least in part mediated through regulation of estrogen receptors. ERs have shown to be important in brain development and cognitive functions. Indeed, we show that DYX1C1 interacts with both ERs in the presence of 17β-estradiol, as determined by co-localization, co-immunoprecipitation and proximity ligation assays.
INTRODUCTION
DYX1C1 was the first susceptibility gene suggested for dyslexia (1) , the most common childhood learning disorder. The neurobiology of dyslexia remains largely unknown but evidence suggests that neuronal migration and axon guidance pathways may be disrupted in dyslexia. It has been shown that individuals with dyslexia have neocortical neuronal migration abnormalities including molecular layer heterotopias, laminar dysplasias, and periventricular nodular heterotopias (2). The knockdown of Dyx1c1 by in utero RNA interference (RNAi) in rats causes a deficit in neuronal migration in the developing neocortex, supporting the role of DYX1C1 in dyslexia (3, 4) . Further examination of rats subjected to Dyx1c1 RNAi, showed behavioral impairments in auditory processing and spatial learning (5) . Also other dyslexia candidate genes have shown to regulate neuronal migration (6, 7) and axonal guidance (8) .
The estrogen receptors (ERs) and their endogenous ligand 17β-estradiol (E2) have been recognized to be important in brain development (9-12) and neuronal processes such as neuronal differentiation, survival and plasticity (13) (14) (15) (16) (17) (18) . ERs have also been shown to be involved in cognitive processes and memory (18) (19) (20) (21) . ERα and ERβ display different expression patterns during brain development, suggesting distinct developmental functions for these two related receptors (22) (23) (24) . Interestingly, ERβ has a role in 4 The molecular and cellular functions of DYX1C1 have been poorly characterized so far.
Based on its protein domain structure, DYX1C1 may be engaged in various proteinprotein interactions and function in multiprotein complexes. Indeed, Hatakeyama and colleagues (25) showed that DYX1C1 (then called EKN-1) interacts with the U-box family ubiquitin protein ligase CHIP encoded by the gene STUB1. CHIP ubiquitylates and promotes the degradation of a variety of proteins in a chaperone-assisted manner (26). Intriguingly, CHIP targets also the ERs for degradation by at least two different mechanisms: CHIP-mediated degradation of ERα is ligand-independent and blocked when estrogen is added, while ERβ degradation is strictly estrogen-dependent (27-29).
In the current study we aimed to elucidate novel protein-protein interactions and cellular roles of DYX1C1. We hypothesized that DYX1C1 might interact with and be involved in the regulation of ERs, thereby joining two pathways implicated in brain development, higher cognitive functions and etiology of dyslexia.
RESULTS

DYX1C1 and ligand-activated ERs co-localize in mammalian cells
We first determined the intracellular co-localization of over-expressed DYX1C1, ERα and ERβ in COS-7 cells. DYX1C1 localized both in the nucleus as well as the cytoplasm, while ERs were exclusively localized in nuclei (data not shown), consistent with previous findings (1, 3, 30) . Upon co-expression, DYX1C1 and ERα had a diffuse localization in the nucleus in the absence of ER ligand (Fig. 1B) . A distinct co-localization pattern of by guest on http://hmg.oxfordjournals.org/ Downloaded from 5 DYX1C1 with ERα was detected when cells were treated with the agonist 17β-estradiol (E2). This clear punctuate nuclear pattern of co-localization was not seen when the cells were treated with the antagonist tamoxifen (4-OHT) (Fig. 1B) . To confirm the specificity of this co-localization, we used different expression constructs of DYX1C1 and ERα (ERα-V5 and DYX1C1-myc) with similar results (data not shown). Moreover, identical co-localization patterns were obtained for DYX1C1 and ERβ (Supplementary Material, To determine if the co-localization of ERα and DYX1C1 depended on the helix 12 of ERα, which is part of the conserved estrogen-dependent co-regulator surface called AF-2 (Fig. 1A ) (31), we transiently transfected the ERα H12 truncated mutant (ERαΔH12-VP16) or wild-type ERα-VP16 together with DYX1C1. We observed that ERαΔΗ12 colocalized only partially, compared to wild-type ERα, with DYX1C1 in the presence of E2 (Fig. 1C) . Finally, to compare the DYX1C1/ER co-localization pattern, we expressed the established co-regulator RIP140 (32) with ERα in COS-7 cells (Fig. 1D) . The detected E2-dependent co-localization between RIP140 and ERα showed a similar pattern as DYX1C1 and ERα. Taken together, these results suggest that DYX1C1 interacts with ligand-activated ERs and shares features with a variety of established ER co-regulators (31).
ER interactions are mediated by the p23 domain of DYX1C1
To further study the DYX1C1/ ERα interaction, we performed co-immunoprecipitations (Co-IP) using SH-SY5Y cell extracts expressing ERα and three different V5-tagged 6 DYX1C1 constructs ( Fig. 2A) : one encoding the full-length protein (DYX1C1-V5), one lacking the three TPR domains (DYX1C1ΔTPR-V5), and one lacking the p23 domain (DYX1C1Δp23-V5). Co-IP using antibody against ERα revealed that full-length DYX1C1 and DYX1C1ΔTPR associated with ERα, while deletion of the p23 domain weakened the interaction (Fig. 2B) . Additionally, by Co-IP using an antibody against CHIP, we verified the interaction between CHIP and DYX1C1 and determined which domain of DYX1C1 was needed for binding. As expected, full length DYX1C1 associated with CHIP (Fig. 2B) . We detected the CHIP complex also with DYX1C1ΔTPR-V5, but no complex was observed with DYX1C1Δp23-V5 (Fig. 2B ).
The DYX1C1 domain requirement for ER interaction was further investigated by colocalization analysis in COS-7 cells. It has previously been shown that the N-terminus of DYX1C1 lacking the TPR domains localized predominantly in the nucleus and Cterminus of DYX1C1 lacking the p23-domain localized predominantly in the cytoplasm in COS-7 cells (3). In our experiments, we observed that both deletion constructs were found in the nucleus as well as the cytoplasm (data not shown). Upon co-expression, DYX1C1ΔTPR-V5 co-localized with ERα similarly to the full-length DYX1C1 (Fig.   2C ), while deletion of the p23 domain abolished co-localization (Fig. 2C) . Similar results were obtained with ERβ (Supplementary material, Fig. S1B ). The Co-IP and colocalization results together suggest that the interactions between DYX1C1 with ERs are mediated mainly by the N-terminal p23 domain, which is also needed for CHIP interaction.
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DYX1C1 over-expression reduces ER protein levels and transcriptional activity
As DYX1C1 co-localizes and interacts with both ERα and ERβ, we tested next whether DYX1C1 might regulate the protein levels of ERs. First, we transiently transfected increasing amounts of DYX1C1-V5 into human MCF-7 breast cancer cells that express endogenous ERα. We found that over-expression of DYX1C1 decreased steady-state protein levels of ERα in a dose-dependent manner (Fig. 3A) . Consistent with the interaction studies, the decrease of ERα protein levels was greater in the E2-treated samples, in which overexpression of DYX1C1 reduced ERα levels to as low as 30% of the control levels. To investigate the effect of DYX1C1 on ERβ stability, we used the SH-SY5Y neuroblastoma cells to over-express ERβ together with DYX1C1. We transiently cotransfected a stable amount of ERβ (200 ng) and increasing amounts of DYX1C1. The cells were treated with E2 for 18 h and DMSO used as a control. We detected a clear decrease in the protein levels of ERβ in the presence of E2 (Fig. 3B lanes 5-8) and absence of ligand ( Fig. 3B lanes 1-4) . Thus, over-expression of DYX1C1 had relatively similar down-regulatory effects on both ER subtypes, consistent with similar interaction features. (Fig. 3C ) and in SH-SY5Y cells corresponding to the ERβ signaling (Fig. 3D) . These results indicate that DYX1C1 can negatively modulate transcriptional ER signaling pathways.
Co-localization experiments were designed to address the effect of over-expressed DYX1C1 wild-type and domain-deleted derivatives ( Fig. 2A) on the stability of endogenous ERα in MCF-7 cells (Fig. 3E) . Confocal fluorescence images demonstrate that ERα staining was abolished in cells expressing DYX1C1 wild-type or slightly diminished when expressing DYX1C1ΔTPR, whereas it was unaffected in cells expressing DYX1C1Δp23. These results are consistent with the ER interaction requirement of the p23 domain ( Fig. 2 ) and suggest that p23 domain-mediated interactions are a prerequisite for proteasomal down-regulation of ER.
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In vivo association of endogenous rat Dyx1c1 and Ers in the neurites of primary hippocampal neurons
We finally studied whether the interactions shown between the ERs and DYXC1 could be verified under endogenous conditions i.e. cell expressing native protein levels. For this we used primary hippocampal neurons derived from E17 rat brain. To visualize native protein complexes, we used the in situ proximity ligation assay (in situ PLA) (33) (34) (35) and were able to detect protein complexes that included Dyx1c1 with either Erα or Erβ in the presence of E2 ( 
DISCUSSION
In this study, we report an interaction between the two ER subtypes and DYX1C1 by several parallel methods and demonstrated that over-expression of DYX1C1 regulates the levels of ERα and ERβ in a dose-dependent manner, accompanied by a decrease in the transcriptional activity of the ERs. Finally, we detected native complexes of Dyx1c1/Erα and Dyx1c1/Erβ along extensions of primary rat hippocampal neurons.
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The DYX1C1 protein has two recognizable motifs, a p23 domain in the N-terminus and three TPR domains in the C-terminus. The functional importance of the DYX1C1 TPR domains was previously demonstrated when impaired neuronal migration caused by siRNA-mediated down-regulation of DYX1C1 was rescued with expression of a DYX1C1 TPR domain derivative (3) . Although the TPR domains appear dispensable for ER interactions, it remains to be seen whether they participate in ER regulation in in vivo conditions. Indeed, TPR domains are functional in diverse chaperone, cell cycle, transcription, and protein transport complexes (36) . P23 domains are generally implicated in stabilizing intramolecular protein folding and/or in mediating protein-protein interactions (37) . Our results specifically suggest that the DYX1C1 p23 domain is necessary for interactions with ERs. Although it is possible that DYX1C1 interacts indirectly with the ERs via CHIP bound to the p23 domain, robustness of the colocalization patterns upon over-expression indicates that the interaction is not mediated by limiting endogenous bridging factors. Interestingly, three independent studies reported opposite effects of CHIP on the degradation of over-expressed ERα versus ERβ (27-29).
In contrast, we demonstrate that DYX1C1 interacts with and down-regulates levels of both ERs in a similar manner, suggesting that DYX1C1 might function without CHIP. In support of this assumption, our direct experimental comparison suggests DYX1C1 to share features with two most relevant ER co-regulators, namely the co-repressor RIP140 and the co-activator SRC-3. Common features include (i) recognition of the activated ER conformation, i.e. induced by agonistic ligands, (ii) requirement for helix 12, part of the ligand-dependent activation domain AF-2 within the ligand-binding domain of ERs, (iii) abolishment of interactions upon treatment with ER antagonists, i.e. ligands such as tamoxifen that induce a distinct "non-productive" ER conformation, including rearrangements of helix 12 (reviewed in (31)). Whether DYX1C1 directly binds to the conserved AF-2 surface remains to be seen, but leucine-rich peptide motifs in the DYX1C1 p23 domain might present candidate ER binding domains and will be subjected to further investigations. Irrespective of the binding mode, interaction with DYX1C1 has negative consequences on ER stability and transcriptional activation. Thus, DYX1C1
represents a candidate co-regulator of ER that integrates two mechanistically distinct, yet functionally linked, mechanisms.
It is tempting to speculate that DYX1C1 modulates cellular ER functions within at least two signaling pathways referred to as "genomic" and "non-genomic" (reviewed in (31)) (Fig. 5) . In brief, genomic (also nuclear) actions of ERs describe the direct regulation (i.e. activation or repression) of transcription in conjunction with numerous co-regulators.
Non-genomic (also extranuclear, non-transcriptional) actions involve cytoplasmic ERs that are activated for example by rapid phosphorylation signaling cascades (38) .
Indicative of both genomic and non-genomic actions, we detected native complexes of ERs and DYX1C1 in primary hippocampal neurons with a distinct pattern along the neurite extensions (Fig. 4) . 
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During adult life in humans, the protein levels of ERα are lower than ERβ in the cortex and hippocampus. Studies on Erα and Erβ KO mice suggest that both are needed for learning and higher cognitive functions (50) . In the absence of the ERs, spatial learning is impaired (21, 51) . In a recent study the authors show that the effects of estrogen on hippocampal synaptic plasticity and hippocampus-dependent memory functions are mediated through ERβ (18) . Interestingly, spatial learning is impaired also in the rats that have received in utero siRNA against Dyx1c1 (5).
In less than five years, six susceptibility genes for dyslexia have been identified. Four of these genes DYX1C1, DCDC2, KIAA0319 and ROBO1 have been shown to be involved with neuronal migration and axon guidance thus implicating common pathways or interaction between these genes. For this reason it is very important to understand the molecular function of the genes and their interacting partners. Genetic association studies have been ambiguous in replicating the effects of DYX1C1 on dyslexia. However, recently new insights support the role of DYX1C1 as a candidate gene for dyslexia. Two new SNPs in association with dyslexia have been identified in the DYX1C1 promoter region and a meta-analysis of existing association studies also supports the association of DYX1C1 to dyslexia. DYX1C1 seems to have a sex-specific risk effect on dyslexia which is interesting in the light of dyslexia being more common in boys than girls (52, 53) . We also recently showed that a complex of TFII-I, SFPQ and PARP1 regulates the levels of DYX1C1 in an allele-specific manner (54) .
Our data presented in this study links DYX1C1 to the regulation of the estrogen pathway, which is known to be important in brain development. Based on previous results on the rapid signaling of ERs in the extra-nuclear compartments and our findings, we speculate that DYX1C1 could affect the rapid non-genomic signaling in brain through the ERs (Fig. 5) . These findings provide insights into the function of DYX1C1 that potentially links neuronal migration and developmental dyslexia to the effects of ERs in the brain.
Material and methods
Cell culture and transient transfections
The African green monkey kidney fibroblast cell line COS-7 was grown in D-MEM medium containing GlutaMAX-I and supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin. For the localization experiments the cells were grown on glass coverslips on 24 well plates for 24 h in phenol-red free DMEM/F12 medium containing 2.5mM L-glutamine, supplemented with 10% dextran charcoal (DCC) -treated FBS and with 100 U/ml penicillin and 100 μg/ml streptomycin when followed by transfections with Fugene 6 (Roche).
The human breast cancer cell line MCF-7 was cultured in Dulbecco's modified Eagle's media with l g/L glucose, 1 % L-glutamine, 10 % fetal bovine serum, and 100 U/ml penicillin and 100 μg/ml streptomycin. For all the experiments cells were cultured 24 h in phenol-red free DMEM, supplemented with 4% of dextran-charcoal treaded FBS.
The human neuroblastoma SH-SY5Y cell line was cultured in modified essential media (MEM) with Earle's salts and GLUTAMAX-I suplemented with 10 % FBS, 100 U/ ml Hippocampal neuron cultures were prepared from the brains of E17 rat fetuses as described previously (55) . Briefly, the hippocampi were dissected, the meninges removed and the neurons dissociated in single-cell suspension with papain (0.5 mg/ml) digestion and mechanical trituration. The cells were centrifuged, suspended in DMEM containing Glutamax I and supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin (DMEM medium; Gibco BRL). 100,000 cells/well on 12-well plates were plated onto glass cover slips coated with 0.001% poly-L-ornithine (Sigma) and 10 mg/ml laminin (Invitrogen). The cells were cultured in phenol red free Neurobasal medium (lutGibco) supplemented with B27 (Gibco), penicillin-streptomycin (Euroclone) and Lgamine (Euroclone) at 37 ºC in 5% CO2 for 12 h. Subsequently, the neuronal cells were treated with 1nM E2 (Sigma) for 48 h before fixation.
Preparation of expression constructs
The full length DYX1C1-V5 expression construct cloned in pcDNA3.1/V5-His-TOPO vector as described earlier (1). The DYX1C1Δp23-V5 lacks the p23 domain (residues 7-C-terminus. A PCR fragment was amplified using the full-length DYX1C1-V5 plasmid and has a V5-His tag in the C-terminus. Two PCR fragments were first amplified from each side of the deletion. The 5' portion of the insert was amplified using a forward primer that anneals upstream of the DYX1C1 initiation codon (5'-CAAGAATCGGCATCACTCT-3') and deletion-specific reverse primer (5'-AATTTGTACAATTTTGTTCTTTTCTTCTTC-3'). The 3' portion was amplified using deletion specific forward primer (5'-GAAGAAGAAAAGAACAAAATTGTACAAATT-3') with the reverse primer that anneals at the 5' side of the stop codon of DYX1C1 (5'-AGATTTTAGTTCTGTTCCTTGAAT-3'). The primary PCR products were mixed and used as templates in a secondary PCR with the forward and reverse primers used in the first PCR reactions that were not deletion-specific. The PCR fragments containing deletions were directly cloned into the pcDNA-V5-His vector using the TOPO TA cloning kit (Invitrogen) according to the manufacturer's instructions. Epitope-tagged expression constructs for human ERα, ERβ and RIP140 were described previously (30, 32). psG5-ERα, psG5-ERβ and pcDNA3.1-CHIP were also previously described respectively (56) (57) (58) . The identity of each construct was confirmed by DNA sequencing.
Immunocytochemical stainings
The Browser (Carl Zeiss) was used to edit the confocal images. The brightness and contrast were enhanced for presentation. In the triple transfections, the far-red channel is pseudocoloured as blue and the DAPI channel is pseudo-coloured as white.
Cell extracts
For total extracts cells were harvested in RIPA buffer (50 mM Tris-HCl, pH 7.4, 1%
Triton X-100, 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, 1 mM Na 3 VO 4 , 1 mM DTT, and protease inhibitors (Roche) followed by incubation on ice for 30 min (59) . Cell lysates were centrifuged at 14,000 × g for 15 min, the resulting supernatants were collected.
Protein concentrations of the extracts were measured with the protein assay (Bio-Rad Laboratories) with BSA as standard.
Co-Immunoprecipitations
SH-SY5Y cells were transiently transfected with the corresponding plasmids in six-well plates, after 24 hrs cells were harvested with Ripa or NP-40 buffers with protease inhibitors (Roche). Protein extracts were incubated for 2 h at +4 °C with 40 µl of protein G-sepharose slurry (GE healthcare) and 1 µg of the respective antibody, either ERα (sc-8002) or CHIP (sc-33264, Santa Cruz Biotechnology) in IP-T150 buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.2% Nonidet P-40, 1 mM EDTA, and 10% glycerol). After incubation, the beads were washed three times using the IP-T150 buffer. For protein elution beads were incubated with 1xSDS sample buffer, denatured by boiling and protein extracts were resolved in NuPage polyacrilamide 10% gels (Invitrogen). Western blot analysis was performed using a V5-HRP antibody (R961-25, Invitrogen, 1:8000).
Western blot analysis
Protein extracts derived from the SH-SY5Y and MCF-7 cells were separated on 10%
NuPAGE Bis-Tris gels (Invitrogen) in NuPAGE MOPS SDS running buffer and electrobloted to PVDF Hybond-P transfer membranes (GE Healthcare Bio-Sciences, Little Chalfont, UK). After transfer of proteins the filters were blocked for unspecific protein binding by incubation 1h at RT of 5% non-fat dry milk in 1% tween-PBS.
Subsequently, filters were incubated 1 h with the primary antibody, washed in tween-PBS for 15 min and 3 times 5 min followed by incubation with the secondary antibody 1h.
Filter was again washed at the same conditions as above and detection was performed using the ECL advance Western blotting detection kit (GE Healthcare).
The primary antibodies used in the western blots were anti-V5-HRP (R961-25, Relative protein levels of ER and β-actin proteins were measured using ImageJ software from the scanned western blots film. ER protein levels were adjusted against β-actin protein levels.
Luciferase reporter assay
The MCF-7 cells were seeded in 24 well plates one day prior the transfections. The cells were co-transfected with 100 ng of ERE 2 -TK-luciferase plasmid (60), 100 ng DYX1C1-V5 plasmid and 10 ng of the pRLTK vector containing the herpes simplex thymidine kinase promoter linked to a constitutively expressing renilla luciferase reporter gene (Promega) using Lipofectamine 2000 reagent according manufacturers protocol. Six hours after transfections the media was changed and the cells were treated with E2 or DMSO as control. After 18 h of treatment proteins were extracted using passive lysis and luciferase activity was measured using the Dual-Luciferase reporter assay system (Promega). All data was normalized against renilla luciferase. The statistical significance was tested using student's t-test with a threshold of p < 0.05.
Proximity ligation in situ assays
MCF-7 cells were cultured in Lab-Tek™ II chamber glasses (Nunc, Thermo Fisher Scientific) for 24 h. The cells were treated with 10 nM E2 for 6 h, washed in cold PBS and fixed in ice-cold 70% ethanol for one hour. The hippocampal neurons were plated onto glass cover slips coated with 0.001% poly-L-ornithine (Sigma) and 10 mg/ml laminin (Invitrogen). Subsequently, the neuronal cells were treated with 1nM 17-β-estradiol (Sigma) or ethanol for 48 hours before fixation. The chamber wells were separated from the glass and a hydrophobic barrier between individual wells was made using an ImmEdge pen (H-4000, Vector Laboratories,). Blocking, antibody hybridizations, proximity ligations and detections were performed according to recommendations (Duolink IQ, OLINK Bioscience).
Antibodies used for detection of protein-protein interactions were anti-NCoA-3 (sc-25742, Santa Cruz Biotechnology, 2 μg/ml), anti-ERα (sc-8002, Santa Cruz Biotechnology, 2 μg/ml, GTX22746, GeneTex, 3μg/ml), anti-ERβ (GTX14021, GeneTex, 1:1000), anti-CHIP (GeneTex, GTX22917 2 μg/ml and Santa Cruz Biotechnology, sc-33264, 1 μg/ml), anti-β-actin (FITC) (ab6277, Abcam, 1:100), anti-DYX1C1 sera (Sigma-Genosys, 1:1000) made using synthetic peptide with the N-terminal epitope KAKIGNDTIVFTLY-C.
The proximity ligations were performed according to protocol with minor modifications.
Briefly, after incubation with primary antibodies we applied combinations of corresponding PLA probes (i.e. anti-rabbit PLUS, anti-mouse MINUS and anti-goat MINUS PLA probes) for one hour at 37ºC. Subsequent hybridizations, ligations and detections using DuoLink™ 100 Detection kit 563 (OLINK Bioscience) were performed. by guest on 
